The phospholipid translocation from the outer to the inner leaflet of synaptic vesicles isolated from the electric organ of the Japanese electric ray, Narke japonica, was measured using fluorescent phospholipid probes. Phosphatidylcholine (PC), phosphatidylethanol amine (PE), or phosphatidylserine (PS) with a fluorescent NBD-labeled short acyl chain at the sn-2 position was mixed with purified synaptic vesicles and the probe in the outer leaflet of the membranes was reduced with dithionite to quench the fluorescence from time to time. The percentage of fluorescence remaining after the dithionite treatment served as an index for the phospholipid translocation. The results obtained indicated that about 30, 13, and 9% of NBD-PE, NBD-PS, and NBD-PC, respectively, were translocated from the outer to the inner leaflet in 3 h. Thus, the translocation activity in synaptic vesicle membranes was much higher for PE than for PS, in contrast to the previous results obtained with plasma membranes, including synaptosomal membranes. The percentages of the phospho lipid in the inner leaflet at equilibrium were estimated to be 41, 31, and 14% for PE, PS, and PC, respectively. The translocation was inhibited by pretreatment with an SH reagent, iodoacetamide, indicating the involvement of a proteinaceous translocator. These data may provide a biochemical basis for elucidating the mechanisms of membrane fusion and exocytosis at nerve endings. The plasma membrane phospholipids of various cells are asymmetrically distributed between the two leaflets of bilayers (1-5). In many types of cells, aminophospholipids including phosphatidylserine (PS) and phosphatidyleth anolamine (PE), reside mostly in the inner (cytoplasmic side) leaflet, whereas neutral polar phospholipids such as phosphatidylcholine (PC) and sphingomyelin mainly exist in the outer leaflet of plasma membrane bilayers. The creation and maintenance of this asymmetric distribution of phospholipids require ATP and an aminophospholipidspecific translocator, aminophospholipid translocase (3, 5-8). The asymmetric distribution of phospholipids between the two leaflets of membrane bilayers of intracellular organelles has also been reported in mitochondria (9), endoplasmic reticulum (10), chromaffin granules (11, 12), and synaptic vesicles (13, 14) , although the asymmetric distribution seems less specific and less prominent compared to that in plasma membranes. The distribution and translocation of phospholipids in secretory vesicles such as chromaffin granules and synaptic vesicles is especially interesting because the loss and restoration of the asym metric distribution of the plasma membrane lipids have been implicated in membrane fusion and exocytosis (5, 15-18). Since we found the PS-specific translocation from the outer to the inner leaflet, and its enrichment in the inner leaflet of the plasma membrane of the presynaptic termi nals isolated from the electric organ of the Japanese electric ray, Narke japonica (19), we next became interested in the translocation and equilibrium distribution of phospholipids between the two leaflets of the synaptic vesicle membranes in this animal. The electric organ contains a single type (cholinergic) of presynaptic nerve terminal at high density and hence purified synaptic vesicles can be prepared from it. The high purity of a preparation is a prerequisite for measurement of the asymmetric distribution of membrane lipids.
The plasma membrane phospholipids of various cells are asymmetrically distributed between the two leaflets of bilayers (1) (2) (3) (4) (5) . In many types of cells, aminophospholipids including phosphatidylserine (PS) and phosphatidyleth anolamine (PE), reside mostly in the inner (cytoplasmic side) leaflet, whereas neutral polar phospholipids such as phosphatidylcholine (PC) and sphingomyelin mainly exist in the outer leaflet of plasma membrane bilayers. The creation and maintenance of this asymmetric distribution of phospholipids require ATP and an aminophospholipidspecific translocator, aminophospholipid translocase (3, (5) (6) (7) (8) . The asymmetric distribution of phospholipids between the two leaflets of membrane bilayers of intracellular organelles has also been reported in mitochondria (9) , endoplasmic reticulum (10), chromaffin granules (11, 12) , and synaptic vesicles (13, 14) , although the asymmetric distribution seems less specific and less prominent compared to that in plasma membranes. The distribution and translocation of phospholipids in secretory vesicles such as chromaffin granules and synaptic vesicles is especially interesting because the loss and restoration of the asym metric distribution of the plasma membrane lipids have been implicated in membrane fusion and exocytosis (5, (15) (16) (17) (18) . Since we found the PS-specific translocation from the outer to the inner leaflet, and its enrichment in the inner leaflet of the plasma membrane of the presynaptic termi nals isolated from the electric organ of the Japanese electric ray, Narke japonica (19) , we next became interested in the translocation and equilibrium distribution of phospholipids between the two leaflets of the synaptic vesicle membranes in this animal. The electric organ contains a single type (cholinergic) of presynaptic nerve terminal at high density and hence purified synaptic vesicles can be prepared from it. The high purity of a preparation is a prerequisite for measurement of the asymmetric distribution of membrane lipids. (C) 1998 by The Japanese Biochemical Society.
The most successful and widely used method for moni toring phospholipid translocation across a bilayer is the so-called "back-exchange" method (3). For this method, the outer leaflet of the cell membrane is first labeled with a spin-labeled or fluorescent phospholipid analog as a probe. Probes are allowed to be translocated for some time and then any probes remaining at the outer leaflet are extracted with BSA. After separation of membranes from BSA/ probe complexes by centrifugation, the amount of probes bound to BSA is determined. We previously developed radioisotope (RI)-labeled phospholipid probes (20) , which assure high sensitivity, for use with the back-exchange method. However, in a preliminary study with synaptic vesicles, we found that measurement with the back-exchange method using the RI-labeled phospholipid probes was hampered by incomplete extraction with BSA of the probes residing at the outer leaflet of the synaptic vesicle membranes.
In the present study, therefore, we used another method for the measurement of phospholipid translocation, which involves fluorescence-labeled phospholipid probes, to gether with a membrane-impermeant reducing reagent (21) . The reducing reagent reduces the fluorophore of the probes located on the outer leaflet of the bilayer, producing non-fluorescent derivatives. The persistent fluorescence of the membrane after the addition of the reducing agent represents phospholipid probes translocated to the inner leaflet of the membrane. This method does not need an extraction procedure and thus is free frrom the problblem of incomplete extraction. We employed this method to determine whether or not the membrane of the electric organ synaptic vesicles has a phospholipid translocation system for the three major phospholipids, PC, PE, and PS. This is the first report on measurement of the phospholipid translocation across synaptic vesicle membranes.
MATERIALS AND METHODS
Chemicals-l-Palmitoyl-2-6-(7-nitrobenz-2-oxa-1,3-
(NBD-PE), and 1-palmitoyl-2-6-(7-nitrobenz-2-oxa-1,3-dia- 
RESULTS
Purity of the Synaptic Vesicles-Measurement of the ATP and acetylcholine contents confirmed that the peak fraction containing ATP and acetylcholine, which corre sponds to that of synaptic vesicles, resided at the interface of 0.2 and 0.45 M sucrose on flotation sucrose gradient centrifugation (Fig. 1) . The yield of the synaptic vesicles was 0.4-0.5 mg protein from 100 g of the electric organ, and the ATP and acetylcholine contents were respectively about 120 and 320 nmol/mg protein, which are comparable to the values previously reported for synaptic vesicles isolated from Torpedo marmorata (32) . An electron micrograph shows synaptic vesicles with a diameter of 70-100 rim (Fig. 2) . The purity of the sample was estimated to be about 85% based on the area on the micrograph. The hydrodynamic size of the synaptic vesicles measured by dynamic laser light scattering was 127 •} 39 nm. Translocation of NBD-PL from the Outer to the Inner Leaflet of Synaptic Vesicles-The method involving fluo rescent NBD-PL probes together with dithionite anions as a fluorescence-quenching agent can measure phospholipid translocation without the need of a separation procedure, thus providing good time-resolution. This method relies on the facts that dithionite reduces the NBD groups of NBDPLs to make the probes non-fluorescent and that biomem branes are impermeable to dithionite anions in the presence of DIDS, an inhibitor of an anion transporter (21) . Accord ingly, when NBD-PLs are incorporated into membranes and treated with dithionite, only the probes residing in the outer leaflet of the membranes lose their fluorescence. Fig. 2 . An electron micrograph of purified synaptic vesicles from the electric organ of Narke japonica. Scale bar, 500 nm. Fig. 3 . A trace of the decrease in the fluorescence intensity of NBD-PE after the addition of dithionite (arrow). Synaptic vesicles were mixed with NBD-PE (0.01 mol% of the total membrane phospholipid) and then incubated at 25°C. At the time indicated by an arrow, dithionite (final, 10 mM) was added. 1, is the fluorescence intensity at the plateau level, 1. the fluorescence just before the addition of dithionite, and Ib the background signal intensity . NBD-PLs is mediated by a protein molecule, such as a translocase.
Effect of MgATP in the Medium-The time course of translocation of NBD-PE was obtained by the addition of 3 mM MgATP to the suspending medium. However, the time course was little changed from that without the addition of MgATP (data not shown). Therefore, if the translocation depends on a kind of ATPase, ATP should be provided from the intravesicular lumen as synaptic vesicles contain plenty of ATP inside them.
DISCUSSION
In order to obtain good data through experiments involving subcellular membrane fractions, the purity of the sample is generally important. In the present study, we prepared highly purified synaptic vesicles. The preparation was homogeneous and satisfactory not only regarding the shape and size of the vesicles but also the internal transmitter.
Although the asymmetrical distribution of phospholipids between the outer and inner leaflets of synaptic vesicle membranes has been measured using a chemical modifica tion method (13) or phospholipase C digestion (14) , the measurement of translocation activity has not been performed. In the present study, the translocation of the major phospholipids, i. e., PC, PE, and PS, in synaptic vesicles was investigated using NBD-PL probes coupled with fluores cence quenching by dithionite.
As shown in Fig. 3 , data with a good signal-to-noise ratio were obtained despite the low concentration of the probe (0.01 mol% of the membrane lipid). The time resolution was good and interpretation of the obtained data was straightforward. Extrapolation of the time course of the phospholipid translocation (Fig. 4) The curve fitting in Fig. 4 gives times to reach half the equilibrium value of 76, 219, and 84 min for NBD-PE-PS, and-PC, respectively, indicating that the rate of the translocation is in the order, PE>PC>>PS. Thus, the present study has shown that PE is translocated more preferentially than PS in synaptic vesicle membranes. This is different from the results reported for cell membranes previously. In erythrocyte plasma membranes, PS and PE are translocated with almost equal specificity (6, 33) , leading to the assumption of the presence of an aminophospholipid translocase. In synaptosomal plasma membranes from Narke japonica, we found PS-specific translocation (19) .
The present study has also shown that the translocation of phospholipids in synaptic vesicles is inhibited by treat ment with IAA, indicating that the translocation may be mediated by a protein. It did not depend on MgATP added outside the synaptic vesicles, but was assumed to depend on ATP inside the vesicles. Since the measurement of phos pholipid translocation in a synaptic vesicle preparation with intralumenal ATP depleted is not practical, it is difficult to confirm this assumption. Since the lumen of such vesicles is topologically equivalent to the extracelluar space, the direction of the phospholipid translocationonon (from the outer to the inner leaflet, i. e., from the cytoplasmic to the lumenal face) in synaptic vesicle membranes appears different from that in cell membranes (from the outer to the inner leaflet, or from the extracellular to the cytoplasmic face). However, they are in fact the same seen from another point of view. Under the experimental conditions used, both are in the direction from the leaflet which is not in contact with ATP to the other leaflet in contact with ATP.
In conclusion, phospholipid translocation activity was first observed in the membranes of purified synaptic vesicles. The translocation was mediated by a protein, most likely a translocase dependent on ATP inside the vesicles. The extent and rate of the translocation were greatest for PE. The translocation of PS was very slow. Most PC and PS exist in the cytoplasmic face of a membrane bilayer at equilibrium, while the distribution of PE is almost equal between the two leaflets. It would be most interesting to further explore if and how the asymmetric distribution of phospholipids of synaptic vesicles as well as plasma mem branes contributes to membrane fusion and to exocytosis of the synaptic transmitters, although there is no evidence at present that the asymmetric distribution of PS and PC or the relatively symmetric distribution of PE, and the translocation of these phospholipids in synaptic vesicle mem branes are involved in membrane fusion. However, the present findings should provide a basis for further studies on the relationship of the asymmetric distribution and translocation of membrane phospholipids with the mem brane fusion and synaptic transmission at nerve endings.
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